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ABSTRACT

An exparinental talarodboticse (TR) staulitinn {s dasaribet auttable for studying husan
oparitor (H.0.) parfornanize. Siwols manioulator oick-1ni-plarze 111 trasking tisks xllowed
quantititive coaparison 2f 1 nuaber of salligeiohis 4{solay viawing s0nditions.

A aumdar of gggﬁygl 20199 could de coapared Ln this TR simulation, {acluding
Ai{splaceament, rvate 1" 22celearatory control using position 114 forse fjoveticks. L}
homeonrorphis controllar turned out to be no battar than joystiaoks: the 1iaotive oropertias of
the H.0. can appareantly parmit quite good csontrol over a variety of 2ontroller sonfigueations
and control modes. Triining by optimal sontrol sx:rapls 9922ei heloful {1 orelininacy
sxparimants.

An i{ntrodused communication delay vwas found to produse tesrersa {n performinze. Ia
considerable part, this A1fl{culty could be compensated for by pravisw asontrol taformation.
That nsurological 2ontrol of normal human nmoveasnt sontiine 1 s130led 41t1 nDerind of 0.2
saconis may ralate to this robustness of H.0. control to 4delay.

The Ames -Bark2lay anhanced paerspective dlsplay was utilizel in 291fjunztion with an
sxperimental helmet mounted 4ieplay systen (HYDI " That oprovided staresscoois anhansced viaws,
Two degres-of-freedon rotations of the head ware wsrsured with 1 Jelgholtz 30il {nstrunent an4
thase anglaes used to computs 2 Airectionil aconizel window into 1 3-0 stwulation. The vsator
slesants within the window werse then transforsad by orojentive gasaetry salsulations to an
tntarmadiats staraascopis Aisolay, raeceived dy two video canmsras and i{maged1 onto the HYD ainil-

dispolay units (ona-tnch CRT vidaeo reaceivers) mountad 5n the helmet,

A telarobotic, TR, systan {s def'ined 13 2 4istint robot with vision 1ni sinioulator
and/or 20bllity subsysteans sontrolled byl 2 humain sperator, HO. The 40 {s {nforwed 212inly by v
visual display, but also by other sansofs ini other ssnsory 41tisolavrs, {.s. auiftory, foroe or
tactile., His zontrol can be direcst vip Jovstizks, or supervisory vias commini andi zontreol
peimi{tiveas affesctad by partiilly aufenonons rodotiz funstions. Dalays 3131 bdandwidth
lizsitations in communication are key priblems, 2capitzsting Aisolar ind contral (Stark., Kiwm.
Tandisk, et a1, 193 — .

INTRIDYCTION

The reseirzh prasentad hare was initially sarried out by the students taking v graduate
control courss, ME 210 "Biological Control Systens: Talarobotins.”

Reseacrch staff
* 3Students {n grajuate bioenginearing class ME 212, Bislogizal Contesl Systens, Fall 1995,
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 EXPERINENTAL SET-UP FOR THREE-ARKTS PICK-AND-PLACE TASKS

A teleoperation sizulator constructed with s 1i{spliy, joyeticks, snd s cosputer anadled
thres-11is pick-snd-plece tisks to bs parforsed and various disslay and control oconditions
eveluated (Figure 1), A veolor 4isplay systes
(Hewlett-Packyrd 1349%54) was used for fast veator
deawing and updating with high resolution. 1Ia our

stperisents, displacesent jovsticks ware sainly PP'NS'A LSi-1/23
used, although in ons experisent a force josstick Caolligrophic Computer
"des u3ad to coepare with 1 dlsplecevent joystiak. Disploy ‘

An LST-11/23% cosputer with the RT-11 oparating
systea cosputer was connectad to the joystiok
outputs through 12-bit A/D sanverters. 1ad to the
vector displiy system through s 16-bit parallel

4K 16 bit Porollel
1/0 port. g C::D /0

A typinsal presentation on the 4{solay sorsan
for three-axis plok-and-plize tasks {n2ludesd o
aylindrical ssniloulator, abjscts te plck up, and
botes in whtah to olasy thas, a1l d4f{solayed in -

perspactive (Figure 2), S{nta ovarspectivae v Y 12-bit A/D
projesrtion alone 1s not sufficteant to presant . Converter
thrae-4imansionsl {infarsation on the two- ™™
jisensinnal screen, 11 grid reprassnting 1 :

noetlzantal bise plins 1nd refaerencs iinass ‘bys"m

tniicating vertisal sasoparaitions from the bass .

oline 1ce 1lso bresanted (511te, Kia, YaGresvy, Figure 1. Zxperimantsl Arrangesant
Tyler a4 3Staick., 19351 Kinw, Ellfs, Tyler and

Jtaek, 1935), The humsn operitor 2ontrolled the

a1nioulator on the Atsolay using twos jnystisks to

plak no 932h sbject with the aanioulator grinover

and olagce tt in the sorcesponiing box., One hand,

yeing twus axes of ona joystiak, zontols the ‘
grippar position for tha two axes parillel to the

hortzontal bise olane (grid). The sther hand,

wsing ons axis of the other joystisk, controls the

griposr oposition for the third axis (vertinal

neight) parpenitcular to the base plane. Picsking

40 1n 2bjest (s aczomplishal by tay2hing 1n 2bject

«ith the manisulatsr griopaer. Lixewise, pDlacing -

in abjesrt is a3207plished by toushing the correct l
box with the mainipulator grivoper.

T

—-—4:
""-""'—-—-—h
nin

Puma Arm Simulator

In 14d4ttion to the 2ylindrical manioulator
situlation, the kinematizs and iynaalss 1 six
iagres-of-fresion Puna robot arw waere simulatsd,
E€12h of these dagrases of freadom ware sontrolled Fiqure 2. Amay-Barkaeley Visual
simultineously using tws jovysticks. Although 00 Tanancenent Disolay
sxparizants have yat bean peartaried with the oums
simulation, 1t ts hooed that Lt will ba 1 step toward exparinents with wors condlex
sanioulators. A 19%-bandwidth talaphona zonnection to nontrol two Puma armse 1t Jet Prooulsion
Libs in Pisadena {3 olianed. The siaulatinag will allow praediztion of the robota' motion to
oravide 2 praviaw 1isolary t»n halp 2versoms the comiunisation Aelirys inharent {n such 1 1ow
bandwiith sonnsctinn, 27 13 {n tranesissione to awaniovulators {n soane.

2INTRIL MNDE EXPERIMENTS

Pasttion 1n1 rate 201trols are the two coamon sinual nonteol modas far zontrolling
talasinipulators with jaystizks (s hand sontrallars) (Johnsan % Corcliss, 1971: Haer, 1973,
{a tha position control the joystisk z20mmi1nd indicetas the 1eatired end affector vosition of
the winipulator, whaereas in the rate sontrol tha joystizk command indicates the desired ea1
sffantrr valoclty.

In nsuc threa-axis pisk-ani-place tasks, the humian 2psrator sontrols thar miaioulator hand
pnsitinn {n the robot base Carteasian -cooriinate by using three axes af the two 4isplaceaneat
joysticks. In pure (or i{1e11) posttion sontrol, the systam transfar functlion fron the
joystick 4isplacenent {nput to the aciual manioulator hand position nutput is 1 constant g1in
3 Cor =23ach axis. In pure raite czontrol, the systaen transefer function i3 2 single integratsr
Gv/s for each axls, In the ritse control, 1 5¢ dead-band nonlinearity ts introduced before the
purs intagrator in ordar to {nhibit the Arift problaws 1ssoclated with the pure integrator.
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_Compari 08 g!izuii !o-tttodxind rate gontrols

i fueee-1tis plok-end-pluce tasks wers
forsed with doth purse position snd rats
control sodes for various gsins (Pigure 3).
The sean cospletion tiwe plot slesrly shows
thet plek-and-place perforsance with pure
position soatrol (mean counpletion time 2.3
seconds et G = 2) was about 1.3 tises faster
then that of the pure rats control (wassn
soupletion tiss 4.3 seconds st G, = §). -

>
4

Tesjectories of Joystiok aad Nanipulator
Tovensats

MAS CONPLETION TI'R (ses)
>
¥
’
f\
-

tn order to exseins why the position
sontrol perforued batter than the rate
sontrol, sevaral trsjeatories of the joystiok
4isplecensnt input snd the maniouletor hand
position output during the plek-and-plaoce

POEITION

operation wares observaed, Tyoicael JR ST N S W SR NS RS T
trajeotories fromw the start of trying to pick L
up sn objeat to {ts sccoaplishmant wers Eat]

plotted to {llustraite posttion, rate, and
wocelevetion sontrols (Figure 4). Cosponents
only for the x-axis (side-to-side) are Figurae 3. Parforamsnce Comparison of Position

plotted, sinoce components for the other two and 2ate Lontrol. Note 1nv sen-
axes are siaflar. Obsarvation of ssvaral sitivity to gain 2hange

teejectories i{ndicates that a precise cve-
positioning of the sanioulator hand tis
ashisved by « combination of quick step re-

positioning oparstions and slow smooth XTPUT ovTruT
aovenent oparations. In pasition control one

quisk step re-positioning of the sanioulator rimrr \

nand fros ane position to another reojuirses ¥/ \\’”“
one joyetick pull or opush operstion, whersas

{n the rate sontrol {t requires a opair ‘ot POSITION CONTROL RATE CONTROL

sparations; pull-and-push or oush-and-pull
soperations (Figurs 4). This ts 2 major
te139a why the position control yielded
batter pecformance than the rite control for
our pi2k-and-nlaice trseks, It should be
noted, howavar, that the plcik-and-place task
is 2 positioning task. If the task {9
following 3 target with a1 constant velostty,
then velosity (rata) control would parforns \
batter. \ i
I
[} +

-~

] 4
¥
1

Accelaeration Control (W Lj

ACCELERATION COWTROL
Three-axis pick-and-place tisks were

1lso tried with accelsration control, It
turned out, howaver, 103alacation control was Figure 4. Position, Rate and Acceleration

not adejuete to perforam stable, safs oplok- fantrol. Tyoleal treajectoriss of
and-plase aperations. In 1¢cselaration HY asontrol and resul tant maatoulator
sontrol, the manipulator tenis to move almost outout fl1lustrste thass control wmodes

211 the tine aven though the joystick is a2t

the z2entser pasition, Note that {n pure rats zo0ontrol, tha zanioulatsosr 4099 not move when the
joystick is a2t the cantar position ragardiless of pravisus history of ths fjoystisk
disolacenent.

Human Rdaptation to Gain Changse

Ye1n complation time 414 not chinge much for the various gains tastaed (FPtgure 3),
vhich means thit the humin oparator adapoted wall to the gain changse (MsRusr, 2t 21, 19653
Toung, 1959; Stark, 1963). Both lowsr indi highar giins calative to the sptimal gains caused
slight tncreasa in the 1ean complation time. A reaeson of slightly longer mean complation
times with lowser gains i3 bdscauses lowser gains denand wider joystick 4isolacenents 1n1 {t takes
longer for the finger or hand to Aisplace the joystick wider., A reason f72r slightly longer
mein coaplation times with higher gains {is that higher gains 4e1and more 2tnuts joystick
1isplicenents, degrading affective resolution of the joystick control. An addiitional major
ca1s0n for longer mean completion times with lowsr gains for the rate scontrol {s iue to the
velocity liamit.
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0 r;roo Joystiok

R e e : VEC s
77 The twe ocomwmon jJoystiok types sre the displacanent
ad foroe joystioks. The output of the 4isplacesant
Joystiok 19 proportional to the Joystick 4isplacenent, A

whareas the output of the force joystiok {isometric or !
stift joystiok) 13 proportionsl to the foroe spplied by
the husan operstor. The advantage of the force !
joystick is that {t tequires oanly sianuts joystiok B
dlsplacenents (s faw sicroneters) in contrast with the
dispiscenent joystiok (4 few sentineterse). E

1 ,____——4

Piok-and-plase tasks were performed for pure

position ind rate controls with displicement and force G4 rostrion
joystioks. The experinental results for two subjeots

{Pigure 5) shows that in the rats control, task .

perforaanace with foroe joystick was significantly ° i 1

faster than thit with 4isvlacesent joystick. This tls DISPLACKMENT  FORCE

silnly bscause the foroe joystick senses the soplied JOYSTICK TYPE

torse directly, requiring only vsry minute joystiok

4tsplacenants, In the position sontrol, howvaver, the .
forss joystiok pescvformad no batter than the Figure 5. Disolacemant and Porce
4isplacenant Joystick. In Cact, 1ll threse subjects Joystick Conteol. Note adaptive
pratsread to uss the displacssent Joystick in this abi1ity of A0 to utilizs thess
moda, seince the forse joystick raquired wors foros to 4A{fferent joysticks, Position
be applied than the displacenent joystiok, aspecially control {s superior to rats
when the manipulstor hand ts to de positionad far sway contraol in the particular task
fros the 1{initixl centar vosition. Position control studied, Two subjects: diamond
also pecformed batter than ths rate control ragirdless (¥K), cross (NT).

of joystiok types, and furthermorse the position coantrol
with the displacement joystiok parformed bast for our pick-and-place tasks (Figure 5).

Resolution

The experimental results demonstrats the supariority of vosition control when the
telamaaipulator has s sufficiently small work space (Figures 3, 4, & 5). Nots that our three-
atis pick-and-plice tasks used {n this aexpsriment implicitely assunes that the manioulstor
work space is small or at least not vary large, since our task allows the huaman opscator to
parfora successful ptek-and-place opacrations with 1 Aisplay showing the entire wocrk sop1ce on
ths scresn. Examplaes of small work space talemanipulators can be found in nuclear reaqotor
telaoparitors, surgiocal micro-talearvodbots, or saall dextarous teleavobotic hands., Position
control can a2lso be utilized during proximity oparations in sonjunction with the force-
salacting joysticks for enhanced telsprssence (Bajozy, 1980). Whan the talamaniopulator's work
spice i3 vary large as coaparad to human operitor’'s control space, position control of the
antire work space suffars from poor resolution since human operator's scontrol space must be
greatly up-scalaed ¢to accommodate the telsmanipulator’'s largs work space (Flatau, 1973). One
way of solving tnis poor rasolution problat {n position control {s using indexing Johnsen %
Corliss, 19713 Argonane National Labdb, 1967). In tha indaxed position control mods, ths control
stisk galn i3 selacted so that the full Aisolacement rangs of the control stiok can cover
only a2 s11ll portion of the manipulator work spice, and large movanents of the manipulator
hand san be mads by successive uses of an {ndexing trigger mounted on the control stiock.
Nots, however, that ratse control can inharently provide any higher degraee of resolution by

3

mare ochanga of control stick gain without uss of indexing.

HOMEOMORPHIC ZONTROLLER

Most of our plck-andi-plase and tracking axperinents wers verforamed with joysticks a3 the
tnput davice through which the human oparator controlled the sinulated manipulator. The
operator's movemsants when using joysticks are aon-homsomorphic, so that ths movesants he sust
maks to producs 2 dasired manipulator rasponse do nof mateh the =movenmsnt of the manipulacor
end affector. Thus, he must mentally convart the 4asirad and effector position to Cartesiaa
coogdinites a1nd use the joysticks to ilnput these zoordiinates.

To ittempt to stuly whether 3 truly homsonorphic {nout davice sould {mprove verformance
tn tracking tasks, an apparatus of {1entical form to our stmulated cylindrical manipulator was
butlt, A vartical rod was supported by bearings on the basa to allow rotation, theta. Y
countsrwvwaighted horfzontal ars was attachad to the rod with sliding dearings to osvait
rotation and translation in the r 124 2z axes raspantively. Thae human c¢operator could control
position through 1 handle on the and of the ara cnrraspondine to the and effector of the
sisulated manipulator. Potantioneters maasured mnvemant in each axis to daternine {input v,
theti, and z. Tha LST-11/23 computer read these values through A/D channals and 1i{solayved the
aanipulator in the 1i1entical posttion.
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) Three-dinensional tracking expariments 1.0¢
were perforsed  with - the hoseomorphio
controller S end with jJoystieks for gains
varying from 1 to 3 to sospare perforsingce

(Pigure 6). The results do not show 1 0.8

significant difference bstween ¢the .

noueonorphic aontroller and joysticks over .
the range of gain vilues. Although the

larger sovenents required for the
homeosorphic sontroller, with greater inevtin
eand friction than the jJoystick, nay have

RMS Error

lieited perforssnce, we believe that husan 0.4~
adeptadility siniuizes its advantages. \ Lty
|~
0.2
TRAINING BY OPTIMAL CONTROL EXAMPLE )
R e - o ;
A siuplified sisulation of the sannaed L
saneuvering unit, MMV, snablad study of 8.0 1 A L \ L
training . of husen control performance 0 ! 2 3 4 5 8
(Jovdan, 198%). Only thras translatory ) .
degrees-of-fresdon, x, V¥ and 3, were used. Vaerticci Gein
Thrusters gensrating pulses of 1ccelsratory
gontrol ware controlled via a kayboard and Figurse 5. Homaeonmorohia Controller, Note
the task was to accaelarate simul tansously in similar low sensitivities to
X, ¥y 224 3 to 1 maximun valocity, transit to gain for all thraes axes.
the desivred nsw 1loocation, and daecslsrvate (x-axis, Aiamonds; y-axis,
again simultaneously. Two Alsolays waere usad crossas; and z-axis, squares)

--a parspective display of minified model
of thae MMV, or two two-dimensional orojactors of that modsel with 2 small {nsst of the
perspsctive Aisplary.

Subjects generilly perforned voorly during the faw hunired seconds allowad for ths tasks
(upper panaels, Figure 7). 1t was decided to allow ths subjects to viaw this control oroblenm’
carried out by 1 simple optimal control 1lgortthn'(sqs midile panel, Figure 7). This
axpsrience was of considarable halp and several subjscts then parforned quite well (bottonm
panel, Figurs 7).

This aexperiment, laarning-by-axaspla, {llustrates 1 strategy that verhaos may be
effactive in more complex and realistic tisks as wsell,

COMMUNTCATION DELAY AND PREVIEW

Communication delay {s a significant
constriint ian human performance in controlling a
remots manipulator. It has besn shown (Sheridan
et 21, 1964, 1966; Tomizuka and Whitnay, 1976)
that preview information can bs used to ifmprove
psrformancse., Stark et al (1996) denmonstrated that
previsw can significantly reduce error in trscking
experiments with {uposaed delay.

500
4m¥ /

scel

Experiments were performed to investigate
whether 9 praview display could improve
parforaance in piok-and-place tasks with delay. A
singla bright dizmond-shaped cursor was 1dded to
the Alsplay to reprasant surrent joystick
position. This was 1 psrfect pradiction of what
the and affactor position would bs aftar the delay
interval. Thus, the task was ths sams as if theve
werae no delay, excapt that the HO had to wait one
delay pariod for confirmation that 2 target had
basn touchsd or sorrectly placed (in the non-
previswad display, ths target letter was doublad
when picked up, and bscanmse single a2gain when

Maan Complotion Tima (seconds)
8.
{

NDeley Time (seconds)

placed in the corract box). Figure 3. Parformance affacted by
. deiays and by Graview
Praview improved performance at delays up to sontrol moda. Note savere
4 seconds so that it was almost as good as for a1 adverss influance delay and
sm=all delay of 0 2 seconds (Figure 3)., While task benaficial effect of oraview
compleation time in the delaysd condition incrsased control in this oick-and-
greatly with delay, thers was only a1 ssall place task.

{ncrease {n the previaw casse, This 13 bacause the
H.O. must compensats for dalays by using 2 "move-
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and-wait" strategy, smaking 3 joystick movement and wailting to ses the resultant end affsctor
sovement. In the preview cass, this stratsgy is only necessary when very closs to the targat
. or box to wait for confirmation that ths goal has indeed besn touched. . :

HELMBT MOUNTED DISPLAY DESIGN

Motivation

The motivation of the HMD systenm is to/providc the human oparator with a telespresencs
feeling that he 1is gctually {n the remote s{ta and controls the talamanivulator directly. The
HMD systenm datects the human operator's head motion, and controls the renote starso cansra
accordingly. In our current system, the remote telemanipulation task snvironment is sisulated

and the picturses for the display are genarated by the computer.

Head Orientation Sensors

A two-axis magnatioc Helmholtz coil
arcvangement was usad as 2 head orientation sensing
device, to detact horizontal and vertical head
rotations (Figure 9). By assuming that the pan
and tilt anglas of 2 remote sterso camera 1re
controlled in accordance with the horizontal and
vertical head rotations, respactively, the
computer ganorates the corresponding stereo
picture for the HMD. The head orientation
sansing davics is composed of 1 search (sensing)
coil mountad on or beneath the halmet and two
pairs of field coils fixed with respect to human
operator's contto} station. The right-laft pair

of the field coil genaratas the horizontal

magnetic flux of a 50 KHz squars wavae. The up-

down pair of thas fisld coil genarates the vertical Figure 9. Haead Ovientation Sansor Davica
magnatic flux of a 75 KHz square wave. The search
coll datacts the inducaed magnetic flux, which is amplified and ssaparatad into 59 and 75 KHz
components. The magnitude of each fraquency componant dapendis uvon the orisntation of the
asarch coil with raspeact to the corresponding fiald coil (Duffy. 1995).

LCD Display

SOPPORT

An early configuration of the HMD claninirs

had a flat-panel LCD (liquid crystal i

display) screen (a commercially

available portable LCD television)

mountad on the helmet for the display

(Figura 10). Howavar, the plicture

quality of the LCD screen w€as poor due

not only to low resolution but also to
poor contrast.

Figure 10, Eavly HMD Daesign with Lcﬁ Scraan

CRT Display

A new design of the HMD that we currantly have, mounts 2 oalr of Sony viawfindars (Model
YF-203) on the halmat (Figura 11, Each viswfindar has a1 1-inch CRT (caithoda ray tube) screan
and 1 convarging lens through which the human oparator views tha CRT screan. The coaputer-
genaratad stereo picture pair (stereogram) is Aisplayasd on the CRT screans; one far the left
aye and the othar for the right. The converging lens forms the virtual {mage of ths
stereaogram behind the actual display screen. Whan the CRT scraen is 4.2 cm apvart from the
lens whosa focal langth is 5 cm, the virtual image of the CRT screen i{s formed at 25 cu apart
from the lens with an image magnification of 6. Thus, a2 1-inzh CRT screen appears to be a 65—
inch screan to the viewar. At aporopriate geometrical and optiecal condiitions, the right and
laft images overlay, and most people can fuse the two images into a single three-41imensional
image. The stareoscopic disvlay formulas used to genaerate the starsogram for the halmet
mounted display are dascribed in rafarences (K{m, et 2l, 3ubmitted 1985). i

Machanical Design

Five degreaes df freaiom wers orovided for the mechanical adjustment of the vosition 2and
orisntation of each viawfindar, allowing three orthogonal slidings and two rotations {Figure
11). A 1 1b countarweicght was attached to the back of the haelmet for countarbalancing.
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Figure 11. 9353323 ggg 233152: CRT scresns provids sterso
vision, with high resolution. Slave sterso camsra could
provids distant scene information {n accordance with helnmet
paa and tilt; howevar we have 30 far used simulated

stersoscopic scaenes,

SUMMARY

The class experiments snabled our Telervobotic Unit at the Univevsity of Cxlifornia,
Berkelay, to explors in a nusbar of reossarch directions. Thes HMD Airection has now beaen
greatly extended and is 2 major focus in our laboratory. On the other hand, the howsomorphic
controller did not seem to be 1 productive project to continua becauss of the adaptadility of
the H.0. to many configuratioas of control. Also, our interest in supervisory and othar high
level controls is leading us away from dirasct manual control. The students ware aenthusiastic
and felt the course stimulated their creativity and provided an opoortunity for thaa to angage
in rslatively unstructurad laboratory work---a good modael for subssquant thesis rasearch.
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